ABSTRACT An effective integer carrier frequency offset (IFO) detection scheme is proposed in the long-term evolution downlink system without relying on the knowledge of the cell ID (CID) that is carried through the synchronization signal. To enable IFO detection without relying on the CID, the proposed IFO detection method utilizes the symmetric property of the synchronization signal, such as the primary synchronization signal (PSS) and the secondary synchronization signal (SSS). This design avoids the need to retrieve the CID that is carried by the PSS and the SSS at the IFO-matching stage. In addition to investigating the usefulness of the proposed IFO detection method, the probability of detection failure is theoretically calculated. The simulation results demonstrate that both the synchronization signals are effectively exploited for the robust detection of the IFO in the presence of non-negligible symbol timing error, where the conventional approaches show unsatisfactory performance.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) has been commonly used in wireless broadband networks thanks to its high spectral efficiency and resilience against fading distortions. Due to its appealing benefits, OFDM has been considered as a modulation scheme for a number of commercial applications, including the digital video broadcasting-terrestrial (DVB-T), the IEEE 802.11n wireless local area network (WLAN), and the long term evolution (LTE) [1] - [3] . In LTE, orthogonal frequency division multiple access (OFDMA) is used in the downlink (DL) to enhance robustness to fading impairments at an enhanced base station (BS), whereas single-carrier frequency division multiple access (SC-FDMA) is adopted in the uplink (UL) to mitigate the effect of the peak-to-average power-ratio at the user equipment (UE). The LTE-PHY is a very effective
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way to carry both data and control signal between the BS and mobile UE.
In the LTE system, it is crucial for UE to connect a communication link with the best serving BS as soon as possible. For this purpose, the UE has not only to detect symbol timing offset (STO) and carrier frequency offset (CFO) but also to acquire the cell ID (CID) [5] - [18] . Due to the sensitivity of OFDM to time and frequency imperfections, there is a need for fast cell search procedure that synchronizes the UE and the BS so that the orthogonality of subcarriers can be maintained and the cell can be identified. An LTE cell is recognized by the CID message transmitted through the synchronization signals such as primary synchronization signal (PSS) and secondary synchronization signal (SSS) [8] - [18] . The LTE cell search procedure is in general classified into three steps. In the first step, the redundant guard interval (GI) is used to find the fractional CFO (FFO) and initial STO [6] , [7] . Once this phase is finished, the sector ID (SID) and integer CFO (IFO) are jointly estimated using the PSS [8] - [15] . Finally, the frame boundary and the group ID (GID) are determined using the SSS [16] - [18] , thus resolving the radio timing for the DL transmission. Since the receiver can perform SSS detection only after the PSS is successfully recognized, PSS detection is an important part of the overall cell search procedure. In [7] and [8] , PSS detection scheme was presented to be accomplished in the time domain (TD). The presence of IFO deteriorates the detection accuracy of the PSS in the TD. To address this problem, synchronization and cell search have been presented by identifying the PSS in the frequency domain (FD) [9] - [15] , wherein the IFO is jointly estimated along with the SID. The IFO detection is typically accomplished in a joint or sequential manner. In [9] - [13] , IFO detection can be jointly performed during the PSS-matching process, which is performed evaluating the cross-correlation for phase difference of the received PSS and the original PSS. Therefore, the IFO and SID can be jointly detected using the correlator banks for a large number of hypotheses, which demands a massive amount of processing loads. To ease the computational burden, a sequential IFO and SID detection has been proposed using differential correlation [14] , [15] . In this approach, the central-symmetry property of the PSS is used to detect the IFO without any information of the SID. Therefore, this strategy can decouple the joint search space of a number of hypotheses into two reduced search spaces. However, this approach is sensitive to the presence of residual STO, thereby reducing its ability to detect the IFO. It is therefore necessary to develop low-cost and robust synchronization algorithm for the UE's simple operation in the LTE system.
In this paper, an effective IFO detection method is proposed in the LTE DL system. The symmetry property present in two synchronization signals facilitates detection of IFO without a priori knowledge on the CID information. To examine the usefulness of the proposed IFO detection scheme, the probability of failure of the proposed IFO detection scheme is analytically derived. Simulation results show that the proposed IFO detection scheme provides robustness against the presence of residual STO with reduced complexity, compared with the existing IFO detection method.
The rest of this paper is organized as follows. Next section introduces a signal model adopted in this paper. The existing IFO detection methods based on differential correlation are presented in Section III. Section IV proposes an efficient IFO estimation scheme independent of the transmitted PSS and SSS in the LTE DL. Section V presents experimental results to verify the effectiveness of the proposed IFO detection scheme. Section VI draws the conclusion of this paper.
II. SYSTEM DESCRIPTION A. SIGNAL MODEL
We consider an OFDM system that consists of N non-zero subcarriers and N g guard interval (GI) samples. After performing an N -point inverse FFT (IFFT) on the information symbols and adding GI at the front of the OFDM symbol to mitigate the detrimental effect of inter-symbol interference (ISI), an OFDM symbol with the duration of N u T s is generated, where T s is the sampling period and N u = N +N g . Since the FFO does not affect the performance of the IFO detector like the existing approaches [12] - [15] , we assume the perfect recovery of FFO. The existence of multipath fading may greatly deteriorate the accuracy of the STO estimate. For this reason, it is assumed that the residual STO remains after initial timing estimation process. Bearing these assumptions in mind, the TD signal during the l-th period y l (m), m = −N g , −N g + 1, · · · , N − 1, appears as [11] 
where ρ = 2π N g /N , ν denotes the IFO, τ denotes the STO, x l (m) is the m-th sample over the l-th symbol duration, h l (m) is the impulse response of the channel, ⊗ is the linear convolution, and z l (m) is the contribution of the thermal noise that is modeled as a zero-mean additive white Gaussian noise (AWGN). Removing the GI and taking the FFT, the FD signal in the k-th subcarrier during the l-th symbol can be written as [12] 
where X l (k) is the symbol transmitted at the k-th subcarrier, H l (k) denotes the frequency response of the channel, and Z l (k) represents a complex zero-mean AWGN with variance σ 2 Z .
B. SYNCHRONIZATION SIGNAL
The position of the PSS and SSS in the LTE frame depends on the duplex mode used to separate UL and DL traffic. We consider the LTE DL system operating with frequency division duplex (FDD) mode. As shown in Fig. 1 , the radio frame in LTE is 10ms long, which is divided into ten 1ms long subframe. Each subframe is made up of two 0.5ms long slots. Every slot is divided into 7 OFDM symbols in the case of a normal CP, while 6 OFDM symbols are included in each slot for an extended CP. In LTE DL, the PSS and SSS structure is specifically designed to facilitate the acquisition of cell information. For this purpose, three polyphase Zadoff-Chu (ZC) sequences with sequence index u are adopted in the PSS. The PSS sequence is mapped onto the 72 central subcarriers across DC, which consists of 62 plus 10 guard subcarriers. They are defined as [3] 
where S = {k||k| ≤ N p /2, k = 0}, the ZC root sequence index u ∈ {25, 29, 34} depending on SIDs, and N p denotes the number of non-zero PSS subcarriers. The main purpose of the SSS is to recognize the GID and to find the starting position of an LTE frame. The SSS sequence forms binary phase-shift keying (BPSK) signal, which is derived from two length-31 scrambled and cyclically shifted binary sequences s 
(4)
where c i (n) and d
1 (n) denote the scrambling sequences to randomize the interference between different cells. The indices w 0 and w 1 are present to univocally decide the GID. The sequence C(n) is mapped onto S(k) with subcarrier indices k ∈ S. In FDD mode, the PSS is present in the last two OFDM symbol of slots 0 and 10 in a frame, whereas the SSS is located in the second last two OFDM symbol of slots 0 and 10. For notational convenience, we use X l (k) to denote the PSS and SSS defined by
Typically, a two-stage CID detection strategy has been considered to enhance the cell search performance in the LTE system [16] - [18] . In this case, the CID is obtained by combining the IDs on PSS and SSS. The first stage is to decide the SID by finding the PSS and the SSS is detected to extract the GID during the successive stage. As can be seen in (2) and (6), the unknown parameters ν and u jointly contribute to the received signal Y l (k), thereby necessitating the use of joint estimation in the conventional cell search schemes. The computational burden of the IFO detection is significantly decreased if it is accomplished together with PSS detection since there are only three PSS sequences compared to 168 SSS sequences.
III. CONVENTIONAL DETECTION METHOD
The IFO detection is usually performed in the FD [12] - [15] in a coherent or non-coherent manner. The coherent detection strategy requires a priori knowledge on the channel state information (CSI). However, the CSI has not been known during the cell search stage. To solve this problem, non-coherent detection in the FD has been proposed using differential correlation. For this reason, this paper focuses on non-coherent detection method. Assuming that
, the differential correlation from neighboring subcarriers of the received PSS signal can be used to mitigate the impact of the channel fading and STO on the estimation accuracȳ (7) where (·) * denotes the complex conjugate operation,
is the differential relation between two neighboring PSS subcarriers, andZ l+1 (k) is a complex zero-mean combined noise contribution.
A. ALMOST HALF COMPLEXITY DETECTION (AHCD) SCHEME
A reduced complexity IFO detection method is presented using inherent central-symmetric property of the ZC sequences [8] . In this approach, the IFO can be estimated performing the FD shift of the PSS at the receiver. The objective function p (u, i) of the joint detection scheme is given by
where i is the hypothesized IFO. By finding the peak of the metric a (u, i) with respect to u and i, the joint estimate of the IFO and SID is constructed by
where M is the finite number of possibilities of ν. To estimate the IFO and SID concurrently, this kind of detection strategy requires the correlation banks for 3(2M +1) hypotheses. Although a half-length complex correlation between the received ZC sequence and the original sequence reduces a computational complexity, it still demands a significant processing load. Another drawback of this scheme is that the peaks of the differential correlation are very similar for different IFO hypotheses, deteriorating the detection accuracy of the IFO.
B. SEQUENTIAL IFO AND SID DETECTION (SISID) SCHEME
To detect the IFO regardless of the SID, a low-complexity IFO detection scheme without the PSS-matching process is proposed in [14] . Since the local differential reference with the SID u is conjugate symmetric with respect to the origin so that D u (k) = D * u (−k + 1), the objective function can be designed to be
which facilitates the joint detection task to be decoupled into a series of single parameter estimation problems. Consequently, the IFO estimation is carried out first, followed by VOLUME 7, 2019 the SID detection as followŝ
where {·} denotes the real component of the enclosed quantity. A drawback of this scheme is that the effect of residual STO turns out to be doubled compared to (9).
C. NORMALIZED SEQUENTIAL IFO AND SID DETECTION (NSISID) SCHEME
In [15] , a sequential IFO and SID detection scheme is proposed using the symmetric characteristic of the PSS. This approach uses a normalized received PSS to remove the effect of the magnitude of the channel, which produces the channel-compensated objective function
By looking for the minimum of the objective function | c (i) − 1|, the IFO is estimated byν
Since such a design decouples the estimation of the IFO and SID, the SID is sequentially retrieved as followŝ
where
Since it is most important to design the synchronization receiver with a low power consumption, compromises between the detection performance and computational burden have to be done carefully.
IV. PROPOSED DETECTION METHOD
This section presents an effective IFO detection scheme using inherent symmetric characteristics of the synchronization signals in the LTE system. The symmetric property can be integrated for IFO detection without relying on the CID. To examine the effectiveness of the proposed IFO detection method, the probability of failure of the IFO estimator is theoretically derived.
A. ESTIMATION ALGORITHM
Based on the assumption H l (k) ≈ H l+1 (k), we compute temporal correlation between the received PSS and SSS in the FD to remove the effect of channel fading as follows
In (17), W l (k) has a zero mean and variance of σ 2 W . Then, the symmetry property of the PSS and SSS is utilized to enable the estimation of the IFO without any information of the CIDs. First, to perform the IFO detection without knowledge of the transmitted PSS, we use conjugate-symmetric correlation
Since the PSS has symmetrical pattern in the FD and the SSS has a TD conjugate symmetry, it is obvious that S(k) = ±E X andP u (k) = E X when no IFO is present, where E X = |S(k)| 2 = |P u (k)| 2 represents the symbol energy of the synchronization signal. With these properties in mind, the objective function p (i) of IFO detection is defined as
which eliminates the need to rely on the transmitted SSS. Putting (18) to (20) leads to
SinceS(k + i − ν) = ±E X andP u (k + i − ν) = E X regardless of u when i = ν, (21) can be simplified to
which indicates that the value of p (i) is independent of the PSS and SSS. If i = ν, it can be seen thatS 2 (k + i − ν) is still equal to E 2 X , whereasP 2 (k + i − ν) is either zero or unknown random sequence depending on the amount of ν.
In this hypothesis, we have
As a result, the criterion for IFO detection can be formulated asν
To identify the PSS, the SID detection can be performed using (12) .
B. PROBABILITY OF DETECTION FAILURE
Let P f = Prob{ν = ν} denote the probability of failure of the IFO estimator. In the AWGN channel, we derive the probability of failure of (25). Under the hypothesis that i = ν, the real part of (23) follows Gaussian distribution with mean µ = N p E 4 X /2 and variance
is the variance of (19) given by
When i = ν, on the other hand, the probability density function of { p (i)} is treated as a zero-mean Gaussian random variable (RV) with variance
If IFO occurs equally likely within the range of |ν| ≤ M , the probability of failure is defined as
where Q(z) denotes the Q-function given by
To proceed further, we use a tight upper bound of Q(z) given by [19] 
where a i = (θ i − θ i−1 )/π and b i = 1/sin 2 θ i with 0 = θ 0 ≤ θ 1 · · · ≤ θ N e = π/2. Note that the bound tends to the exact value by increasing N e . Thus, the upper bound of (27) is obtained as
Using multinomial theorem, it immediately follows that
where a multinomial coefficient takes form
After some manipulations, P v can be expressed in a closed form
Substituting (33) to (31) yields
From µ 2 , σ 2 0 , and σ 2 1 , it follows that σ 2 1 = σ 2 0 and
where γ = E X /σ 2 Z is the signal-to-noise ratio (SNR). Eventually, the upper bound of the probability of failure of (25) is obtained with respect to (35)
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V. SIMULATION RESULTS
The accuracy of the presented detection methods is assessed in the LTE system with 15kHz subcarrier spacing and 5MHz bandwidth. In our simulations, the carrier frequency of 2GHz, the sampling time of T s = 0.1302µs, the FFT size of N = 512, the GI length of N g = 128, and QPSK modulation are considered. We adopt the Extended Pedestrian A (EPA), Extended Vehicular A (EVA), Extended Typical Urban (ETU), and Extended Delay Spread (EDS) channel models [21] . The main channel parameters are shown in Table 1 . The channel taps are modeled as samples of statistically independent complex Gaussian RVs. Three Doppler frequencies are used to represent low, medium, and high speeds of 5Hz, 70Hz, and 300Hz, respectively. At the carrier frequency of 2GHz, these frequencies correspond to UE velocities of 2.7km/h, 37.8km/h, and 162km/h. From [12] , the range for hypothesized IFO is {0, ±1, ±2, ±3}, which amounts to putting M = 3. We assume that there is a random STO uniformly generated between 0 and τ max samples, where τ max denotes maximum STO. 
A. COMPUTATIONAL COMPLEXITY
The arithmetic complexity of the joint detection methods are discussed in the section. Table 2 lists the number of arithmetic operations of the detection methods required to calculate the corresponding objective functions, where
To fairly compare the processing load of the detection methods, the arithmetic operations in Table 2 are transformed to the number of real floating point operations (flops). For this purpose, we assume that one complex multiplication, one complex addition, one complex magnitude, and one complex square operations are equal to six, two, three, and four real flops, respectively [20] . The AHCD scheme requires 3N p /2 − 3 complex multiplications and N p − 3 complex additions to calculate (8) , which corresponds to 11N p − 24 flops. Therefore, the overall number of flops needed to get (9) is 3K (11N p − 21) . The SISID scheme demands 3N p /2 − 3 complex multiplications and N p /2 − 2 complex additions to compute (10) , which is equivalent to 10N p − 22 flops. Thus, the number of total flops used in (11) is K (10N p − 22) . Since some operations are already available from (10), only 3(5N p − 9) flops are needed to sequentially compute (12) . In the case of the NSISID scheme, 15N p − 28 flops are required to get the quantity | c (m) − 1| so that (14) requires K (15N p −28) flops. For the SID detection, 3(5N p −9) flops are required in (15 Fig. 2 shows the probability of failure of the IFO estimator, denoted by P f = Prob{ν = ν}, in the AWGN channel for various values of τ max . To calculate (37), we choose N e = 2 so that a 1 = 1/16, a 2 = 1/4, b 1 = 1, and b 2 = 4/3 [19] . From the presented results, it is observed that the simulated curve is in accordance with the upper bound calculated using (37). As expected, the approximation (29) leads to a very tight result and the upper bound is more accurate as the SNR increases. Furthermore, the probability of failure of the existing IFO estimation schemes is severely deteriorated with the increase in τ max , whereas the performance of the proposed IFO detection scheme is constant to τ max . The price for such a benefit is a certain degradation of detection performance in low SNR region, which is attributed by the SNR loss incurred from squaring the conjugate-symmetric correlation in (20) . Because of its high sensitivity to residual STO, there are limitations to apply the existing methods to the LTE system especially for high SNR conditions. Fig. 3 depicts the probability of failure of the IFO detection methods as a function of SNR in the EPA and EVA channels. Here, the timing error is fixed to τ max = 10 and τ max = 20 [10] . It can be seen that the increased frequency selectivity greatly affects the detection performance of the IFO estimation schemes. Apparently, this phenomenon is more prominent in the case of the conventional detection methods. The reason for this is that the conventional estimation schemes are based on the differential correlation between the neighboring subcarriers to eliminate the effect of channel fading.
To show the effect of time and frequency selectivity on the performance of the IFO detection schemes, the ETU channel with maximum Doppler frequency of 300Hz and the EDS channel with maximum excess delay of 25.58µs are considered in Fig. 4 . The simulation parameters are the same as those in Fig. 3 . It can be seen that the trend of the probability curves is qualitatively similar to that in Fig. 3 . Since the conventional schemes are based on the differential correlation under the assumption H l (k) ≈ H l (k − 1), its performance is severely degraded in a frequency selective fading channel wherein each subcarrier undergoes a different channel fading. Hence, the proposed scheme is more suitable for the IFO detection when STO is present in the frequency selective fading channel than the conventional schemes. Fig. 5 shows the overall probability of failure of the joint detector, denoted by P o = Prob{(û,ν) = (u, ν)}, using the same simulation scenarios to Figs. 3 and 4. Although the proposed approach adopts the existing SID detection scheme (12) , which is sensitive to residual STO, the robustness of the proposed scheme to residual STO is still observed when compared to the benchmark methods. The observation means that the overall performance of the synchronization receiver is mainly dominated by the performance of the IFO detector as discussed in [12] . Such a phenomenon can be explained by recognizing that the use of differential correlation in the conventional scheme and conjugate-symmetric correlation in the proposed scheme leads to similar peaks for different IFO hypotheses due to substantial loss of autocorrelation property of the original PSS, while the SID detection is still based on a good cross-correlation property between differential PSS sequences. Regarding the number of flops, the processing load of the proposed joint detection method is reduced by half relative to that of the AHCD scheme, whereas it has almost the same complexity to the NSISID scheme.
VI. CONCLUSION
To ensure a reliable cell search in LTE, it is crucial to perform IFO estimation without having to rely on the CID information. To address the problem, an effective IFO estimation method using inherent symmetric property of the synchronization signals is presented in the LTE DL system. The proposed IFO estimation scheme operates without relying on the knowledge of CID and exploits the correlation between the received PSS and SSS, which mitigates the impact of residual STO on the detection performance at the expense of a slight performance loss in low SNR region. To complete cell search, the conventional SID detection scheme is sequentially integrated with the proposed IFO detection scheme, and this strategy still provides improved performance in terms of overall detection probability due to its excellent ability to detect the IFO. It was demonstrated from simulation results that the proposed detection scheme achieves acceptable performance in a harsh multipath channel having long delay spreads and non-negligible STO, compared with the existing detection methods.
